It is well known that anodization process is helpful for obtaining metallic oxides on the metal surfaces. The advantages of this process are used in this study to obtain rough surfaces consisting of titanium oxides and solid solutions of titanium and oxygen. Two different voltages were applied to a pure titanium foil during two process time periods. In all process conditions, titanium oxide thin films were successfully obtained on the base material. Depending on the duration of the process and the voltages applied, the amount and the sizes of oxide particles were changed. EDX analysis combined with SEM and AFM clearly showed that rough surfaces were obtained. Having rough surfaces would be helpful for bonding to another material. However, in the micro-nano scale it is clear that the inhomogeneous mechanical and chemical properties were obtained, most probably resulting in inhomogeneous crack initiation.
Introduction
Titanium oxide films are among the most popular metal oxides used in a very wide application area from aerospace industry [1] to biomedical engineering [2] , due to their superior properties. Surface morphology plays an important role in most of the applications e.g. in biomedical engineering, the roughness of the surface alters the biomechanical fixation and osseointegration [2] . In most of the biomedical applications, such as the dental and orthopedic implants, the mechanical properties of the titanium oxides are also as essential, as the surface morphology, as they function under large forces [3] . Thus, it becomes important to prepare a titanium oxide surface that has both good mechanical properties and a good surface morphology.
In this study, it is aimed to investigate the effect of surface roughness on the mechanical properties of titanium oxides fabricated by anodization technique. Nanoindentation technique was used to investigate the mechanical properties, such as hardness and reduced modulus, of the thin titanium oxide coatings on the pure titanium, since it gives the information by measuring the indentation depths at the nano-scale level.
Materials and methods
Pure titanium (99.5%) obtained from a vendor was used as the base material. It was ground with 1200 and then 2400 grit SiC paper. After grinding, samples were * corresponding author; e-mail: nsarica@gmail.com polished with 3 µm and 1 µm diamond grit. Before the anodization procedure, samples were cleaned in acetone, isoprophyl and methanol respectively.
Sulphuric acid solution was used to prepare four different titanium oxide surfaces, having different surface nano-roughness and different morphologies, by applying 10 V and 50 V for 10 min and 45 min, in order to investigate the effect of different morphologies on the mechanical properties of these oxides [4] . SEM studies were performed by using Jeol. Nanoindentation system, Micro Materials Ltd, was used to perform nanoindentation tests. In all tests the loading rate was of 0.15 mN/sec and the maximum penetration depth was chosen to be 40 nm [4] . Thus it was ensured (759) N. Sarıca et al. that the penetration depth remains in the oxide layer as shown in Fig. 1 . Time between loading and unloading was 60 s. A number of 30 indentations were performed on each sample by using Berkovich indenter, having a face angle of 65.3
• .
Results and discussions
Titanium oxide coatings on the surfaces are very thin so that conventional XRD machine cannot detect the titanium oxide layer on the surface. However, EDX analyses revealed the presence of oxide coating on the surface [4] . Results of the SEM of the titanium oxide coated samples are shown in Fig. 2 . It is observed that as the anodization voltage was increased from 10 V (Fig. 2a,  Fig. 2b ) to 50 V for 10 min and 45 min, the sizes of particles (grain size) on the surfaces have also increased and rougher surfaces were obtained, as seen in Fig. 2c and Fig. 2d , respectively. AFM studies also confirm this data [4] . Hardness variations results obtained for the samples via nanoindentation tests are seen in Fig. 3 . It is seen that hardness values of samples show deviations, as seen in Fig. 3a, Fig. 3b, Fig. 3c and Fig. 3d , which may result from the inhomogeneity of the oxide surface in terms of chemistry and surface morphology. Roughness is due to growth kinetics of new titanium oxides, new solid solutions consisting of Ti and O with different oxygen ratios. There might be even a very little amount of pure titanium at the conditions of 10 V at 10 min (Fig. 2a) compared to the other oxidation conditions (Fig. 2b,  Fig. 2c, Fig. 2d ), where there is nor pure titanium on the surface. Resistance to indentation shows difference between pure titanium and the other phases in the case of 10 V at 10 min (Fig. 3a) compared to the other conditions (Fig. 3b, Fig. 3c, Fig. 3d ). That is reflected in a higher amount of deviation in terms of hardness and reduced modulus, as seen in Fig. 3a and Fig. 4a , respectively. Among all samples, the sample fabricated by applying 10 V for 10 min (Fig. 3a) has the highest hardness value than the other samples. Sample that has the largest particle size and roughness has in turn the lowest hardness value (Fig. 3d) . According to the HallPatch equation, it is reported that when the average grain size of the material decreases, the hardness of the material increases [5] , which is in accordance with our data. Hardness values of samples fabricated by applying 10 V for 45 min (Fig. 3b) and 50 V for 10 min are situated in the middle of the obtained range of values. Reduced modulus parameters of the samples obtained via nanoindentation are seen in Fig. 4 . As with the hardness parameters, the reduced modulus of samples also shows variations due to inhomogeneity of oxide particles distributed over the sample, as seen in Fig. 4a, Fig. 4b , Fig. 4c and Fig. 4d . 
Conclusions
In this study, the effects of grain sizes and roughness parameters on the hardness behavior of the samples were investigated. It was found, that surface roughness, which is helpful for the osseointegration, affects the mechanical properties, such as hardness and the reduced modulus. In all of the samples, hardness and reduced modulus parameters showed variations, which may result in inhomogeneous crack initiation. However, the nano-level roughness increases the total surface area, which would be helpful to have a better adhesive bonding with the other suitable materials.
